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Vacuolar H+-ATPase is a large multi-subunit protein that mediates ATP-driven vectorial H+ transport across the membranes. It
is widely distributed and present in virtually all eukaryotic cells in intracellular membranes or in the plasma membrane of
specialized cells. In subcellular organelles, ATPase is responsible for the acidification of the vesicular interior, which requires
an intraorganellar acidic pH to maintain optimal enzyme activity. Control of vacuolar H+-ATPase depends on the potential
difference across the membrane in which the proton ATPase is inserted. Since the transport performed by H+-ATPase is
electrogenic, translocation of H+-ions across the membranes by the pump creates a lumen-positive voltage in the absence of a
neutralizing current, generating an electrochemical potential gradient that limits the activity of H+-ATPase. In many intracellular
organelles and cell plasma membranes, this potential difference established by the ATPase gradient is normally dissipated by
a parallel and passive Cl- movement, which provides an electric shunt compensating for the positive charge transferred by the
pump. The underlying mechanisms for the differences in the requirement for chloride by different tissues have not yet been
adequately identified, and there is still some controversy as to the molecular identity of the associated Cl--conducting proteins.
Several candidates have been identified: the ClC family members, which may or may not mediate nCl-/H+ exchange, and the
cystic fibrosis transmembrane conductance regulator. In this review, we discuss some tissues where the association between
H+-ATPase and chloride channels has been demonstrated and plays a relevant physiologic role.
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General considerations
Vacuolar H+-ATPase (V-ATPase) is a large multi-sub-
unit protein that mediates ATP-driven vectorial H+ trans-
port across membranes. The enzyme is composed of two
functional domains, a catalytic and cytoplasmic V1 domain
(640 kDa), which is the site of ATPase activity, and a
membrane-bound V0 domain (240 kDa), which includes
the proton translocation pathway. Together the V1 and V0
domains form a protein complex of approximately 900 kDa
(1-3). The V1 domain is a large complex composed of 8
subunits, designated by the capital letters A-H, organized
into a hexameric head of nucleotide binding (subunits A
and B) that is attached to the V0 sector by a central and a
peripheral stalk (Figure 1). V0 comprises single copies of a,
c, c’, c”, d, and e. Some of these subunits, in turn, are
encoded by different genes and have more than one
isoform (4). Like F-ATPases, the V-ATPases operate by a
rotary mechanism in which ATP hydrolysis in V1 drives
rotation of a central stalk connected to the ring of proteoli-
pid subunits (c, c’, and c”). Movement of the ring of
proteolipids past subunit a is believed to drive the active
transport of protons across the membrane (4).
V-ATPase is distributed widely and found in virtually all
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eukaryotic cells in intracellular membranes or in the plas-
ma membrane of specialized cells (3). In subcellular or-
ganelles, including lysosomes, coated vesicles and endo/
exocytic vesicles, ATPase is responsible for the acidifica-
tion of the vesicular interior, which requires an acidic
intraorganellar pH to maintain optimal enzyme activity (2).
Intracellular V-ATPases are important for receptor-medi-
ated endocytosis and intracellular trafficking, protein pro-
cessing and degradation, coupled transport of small mol-
ecules and ions, and the entry of various pathogens into
cells (4). An important model for the study of intracellular
organelle H-ATPase has been the yeast cell, which has
structure and functions similar to those of mammalian cells
(5,6). However, there are important differences, e.g., the
presence of a smaller number of subunit isoforms, a prop-
erty involving a smaller degree of molecular variability,
thus contributing to a simpler general structure that repre-
sents an advantage by being a more workable model. In
addition, genetic deletion of several subunits is lethal in
mammals and insects, but not in yeast and other fungi,
permitting the study of their functional role (6).
The V-ATPase expressed in the plasma membrane
transports protons to the outside of the cell (4), which is
intricately related to specialized cell function, as exempli-
fied in osteoclasts (7), and in renal tubular cells (1,8-11).
There are several mechanisms for the regulation of V-
ATPase, such as recruitment by vesicular trafficking and
sorting into and from the membrane, assembly and disas-
sembly of V0 and V1 domains, transcription and/or transla-
tion, kinetic regulation, changes in V-ATPase content, and
chloride dependence (1,3). This review will focus on the
regulation of V-ATPase by chloride channels (or chloride
transporters) in physiologic and pathophysiologic condi-
tions, identifying the importance of each channel and the
mechanisms whereby the anion controls the proton ATPase
activity.
Chloride dependence of H+ secretion:
involvement of chloride channels and/or a
chloride/proton exchanger
Control of V-ATPase depends on potential difference
across the membrane into which the proton ATPase is
inserted (2). Since the transport performed by H+-ATPase
is electrogenic, translocation of H+-ions across membranes
by the pump creates a lumen-positive voltage in the ab-
sence of a neutralizing current, creating an electrochemi-
cal potential gradient that limits the activity of H+-ATPase.
In many intracellular organelles and at cell plasma mem-
branes, this potential difference established by the ATPase
gradient is normally dissipated by a parallel and passive
Cl- movement, which provides an electric shunt compen-
sating for the positive charge transferred by the pump
(2,3). Several lines of evidence for this interaction support
this view. The phenomenon has been demonstrated in
most intracellular organelles that are acidified by proton
ATPases, such as lysosomes (12), endosomes (13) and
the trans-Golgi network (14,15). Furthermore, depend-
ence of plasma membrane H+-ATPase on Cl- has also
been observed in several studies, even in a much more
complex way, due to expression of several other conduc-
tances or electrogenic transporters in both apical and
Figure 1. Model of vacuolar H+-
ATPase. The V-ATPase complex is
composed of a peripheral domain
(V1), responsible for ATP hydrolysis,
and an integral domain, responsible
for proton translocation across the
membrane. The V1 domain is a
hexamer of A and B subunits. The
V0 domain is composed of a ring of
proteolipid subunits (c, c’ and c”),
adjacent to subunits a and e. The V1
and V0 domains are connected by a
central stalk, composed of subunits
D and F of V1 and subunit d of V0,
and multiple peripheral stalks, com-
posed of subunits C, E, G, H, and a.
Modified from Ref. 4, with permis-
sion.
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basolateral membrane domains (3).
The role of chloride channels in H+-ATPase function is
not explained only by the establishment or dissipation of a
potential difference across cellular and intracellular mem-
branes, but some evidence has supported a direct, specif-
ic role of Cl- in stimulating H+-ATPase activity (16). Kaunitz
et al. (17) have shown that acidification of microsomes
from the rat renal medulla depends on chloride channels.
However, even after dissipating the potential difference
across endosome membranes with valinomycin, ATPase
still depends on the presence of Cl- ions. These findings
suggest a chloride binding site in an intramembrane pump
sector.
Chloride channels
The underlying mechanisms for the differences in chlo-
ride requirements in different tissues have not been iden-
tified, and there is still some controversy as to the molecu-
lar identity of the associated Cl--conducting proteins. Some
candidates have been identified, such as ClC family mem-
bers and the cystic fibrosis transmembrane conductance
regulator (CFTR).
Chloride channels are classified into the following cat-
egories: 1) the often voltage-gated ClC family, which in-
cludes the Gef1 protein of the yeast Saccharomyces ce-
revisiae (Gef1p). The latter has been thought to provide
the compensatory transport of Cl(-) anions to the lumen of
the Golgi, thereby regulating the pH of this compartment
(18); 2) CFTR; 3) ligand-gated GABA and glycine-acti-
vated Cl- channels; 4) calcium-activated chloride chan-
nels; 5) swelling-activated chloride channels, or volume-
regulated anion channels (19,20). The ClC chloride chan-
nel family was initially identified by expression cloning of
the voltage gated Cl- channel (ClC-0) from the electrical
organ of the Torpedo (20). Since this initial cloning of the
ClC family, nine mammalian ClCs have been cloned by
using homology-based cloning methods (19).
The CFTR Cl- channel was identified as the protein
encoded by the gene whose mutation results in cystic
fibrosis, a lethal autosomal recessive disease common in
populations of Caucasian or northern European descent
(21). A characteristic of the disease is the severely im-
paired Cl- transport across several epithelia. In the airway
of cystic fibrosis patients, fluid and electrolyte secretion is
inhibited because of the defect in CFTR. The protein is a
plasma membrane cAMP-regulated Cl- channel that be-
longs to the family of ATP-binding cassette proteins and is
gated in response to binding and hydrolysis of ATP (22).
Chloride/proton antiporter
Accardi and Miller (23) have provided evidence that the
bacterial ClC homologue (ClC-ec1 protein, which pro-
motes H+ extrusion activated an extremely acid medium) is
not an ion channel as originally thought, but instead acts as
Figure 2. Counter-ion conductance involved
in the generation of a proton gradient by vacu-
olar H+-ATPase in a hypothetical organelle.
The neutralizing current is thought to be me-
diated by chloride channels, which mediate or
not nCl--H+ exchange. A, Vacuolar H+-
ATPase; B, chloride channels; C, Cl--H+ anti-
porter.
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an H+-Cl- exchange transporter with a likely stoichiometric
ratio of 2 Cl-/H+. This conclusion leads to a reinterpretation
of the activation of Cl- currents by low pH in terms of proton
transport rather than proton-dependent channel gating.
The findings also suggest that some eukaryotic ClC chan-
nels (except ClC-0, ClC-1 and ClC-2, which show no
indications of H+ permeability) could also act as an ex-
changer. Indeed, a number of data have suggested a
chloride/proton antiporter activity in several mammalian
ClC proteins, such as ClC-4 and ClC-5, as well as ClC-7
(24-26). Figure 2 shows that due to its electrogenicity, the
exchanger may produce a Cl- current into a subcellular
vesicle, reducing the PD caused by electrogenic H+ trans-
port. Thus, if the coupling of Cl- to H+ were 2:1, the
exchanger would have properties similar to those of a Cl-
channel, shorting out electrical gradients opposed to H+
ion transport. Of course, in this way part of the H+ trans-
ported, e.g., into an organelle, will be opposed, reducing
transport efficiency. At first sight, the advantage of a sys-
tem of this kind is not apparent. An exchanger will use
more metabolic energy to produce a given pH gradient, but
may establish a more constant internal Cl- concentration.
The absence of these Cl- gradients may contribute to the
lysosomal storage disease in ClC-6 and ClC-7 KO mice
(27).
The conclusion that the ClC family consists of channel
and transporter subtypes, the former residing in plasma
membranes and the latter in acidifying intracellular mem-
branes, presented biophysicists with unusual behaviors.
This suggests that membrane proteins with similar struc-
tures can support ion-transport mechanisms that are enor-
mously different from a thermodynamic point of view (28).
In the following section, we will identify tissues where
the association between H+-ATPase and chloride chan-
nels has been demonstrated and shown to play a relevant
physiologic role.
Chloride dependence of V-ATPase in several
tissues
Kidney
In the kidney, the role of Cl- channels in regulating H+-
ATPase activity has been studied in endosomal fractions
(16,27,29), brush border membrane vesicles (3) as well as
in apical membranes of renal tubules (10,30-32).
Using a Cl- fluorescent indicator, Bae and Verkman
(29) observed that in endocytic vesicles from rabbit proxi-
mal tubule the chloride conductance was activated by
phosphorylation through a cyclic AMP (cAMP)-dependent
protein kinase.
In isolated rabbit S3 proximal tubules, the apical inser-
tion of V-ATPase-containing vesicles was shown to also
be dependent on chloride, being delayed in the absence of
the anion (10). Furthermore, in rat proximal tubules, H+-
ATPase activity was reduced after preincubation in Cl- free
solution (33). Ang II (1 nM) stimulated the H+-ATPase-
dependent proton secretion in isolated rat proximal tu-
bules, and this stimulation was also shown to be depend-
ent on chloride and on the integrity of the microtubular
network (34).
In rat cortical late distal tubules, microperfusion experi-
ments have shown that the rate of proton secretion by H+-
ATPase was also dependent on chloride transport, since
the inhibition of Cl- channels by 5-nitro-2-(3-phenylpropyl-
amino)-benzoic acid (NPPB) markedly reduced distal tu-
bule acidification, in parallel to a small alteration in trans-
epithelial potential difference (30).
Furthermore, in Madin-Darby Canine Kidney (MDCK)
cells, a permanent cell line originated from the renal col-
lecting duct, regulation of pH mediated by H+-ATPase is
inhibited when Cl- is absent from the incubation solution or
when NPPB is added (32). In addition, a study of MDCK-
C11 cells (a sub-clone of MDCK cells that have many
properties of collecting duct intercalated cells) reported
that the V-ATPase responsible for part of the recovery of
pHi after an acid pulse depends on Cl- for its activation
(35). Cell potential difference is not an important factor for
the maintenance of its activity, since its abolition by valino-
mycin/high K+ did not modify the function of H+-ATPase.
In proximal tubule cells, the co-localization of proton
pumps with ClC-5 chloride channels in apical endosomes
is related to an X-chromosome-linked disease character-
ized by low-molecular weight proteinuria, hypercalciuria
and kidney stones, called Dent’s disease (13,27). This
syndrome is caused by mutations of the CLCN5 gene,
predominantly expressed in kidney, which has been shown
to decrease or abolish ClC-5 activity. This channel con-
ducts outwardly rectifying chloride currents that represent
a counter-ion flux to the electrogenic influx of protons into
the endosomes, suggesting that ClC-5 is essential for
renal endocytosis (13). These endosomes form part of the
receptor-mediated endocytic pathway that transports pro-
teins (13), and therefore the lack of ClC-5 might impair
endosomal acidification, compromising the reabsorption
of filtered proteins and causing the proteinuria observed in
Dent’s disease (27).
The in vitro acidification of cortical renal endosomes
prepared from ClC-5 KO mice was shown to be significant-
ly reduced. In addition, the loss of ClC-5 reduced apical
fluid phase- and receptor-mediated endocytosis, as well
as the endocytotic retrieval of plasma membrane proteins
in a cell-autonomous manner (36). These findings support
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the postulated importance of ClC-5 in endosomal acidifica-
tion essential for protein reabsorption.
The alterations observed in Dent’s disease are not
restricted to endosomal function. Recently, Moulin and
colleagues (37) examined renal biopsy specimens from
patients with Dent’s disease and consistently noted inver-
sion of H+-ATPase polarity in the proximal tubules to a
basolateral distribution, in contrast to its apical localization
in the normal kidney. This inversion of polarity was specific
for H+-ATPase and did not affect distribution of aminopep-
tidase, megalin, or Na+/K+-ATPase.
In the collecting duct the expression of ClC-5 colocal-
ized with H+-ATPase in intracellular vesicles and in the
plasma membrane has also been described in both β-
intercalated cells and in acid-secreting α-intercalated cells.
ClC-5 is involved in the plasma membrane insertion and
recycling of these vesicles (13). Mutations of ClC-5 may
affect the expression of apical H-ATPase in α-intercalated
cells and impair urinary acidification (38). Thus, these data
also suggest a role for ClC-5 in the proton secretion mech-
anism in these cells.
It is possible, however, that ClC-5 is not the only
chloride channel playing a significant role in H+-ATPase
activity in endosomes and brush border membrane from
proximal tubules. ClC-5 lacks some features, for example
activation by protein kinase A (since chloride conductance
in endosomes from proximal tubules is stimulated by this
protein), suggesting that another conductance is involved
(3). Recent studies have demonstrated that ClC-4 facili-
tates endosomal acidification and is important but not
essential for the endocytosis process because ClC-4 KO
mice do not display proteinuria (39).
The partial expression of ClC-4 and ClC-5 at the cell
surface allowed the detection of strongly outwardly rectify-
ing currents that depended on anions and pH. Surpris-
ingly, these currents reflect also an electrogenic exchange
of Cl- for H+, and not Cl- channels (24,26). Indeed, recent
studies have suggested that ClC-5 acts as a voltage-
dependent electrogenic chloride/proton exchanger, which
is thought to provide a chloride current to neutralize the
increase of H+ in the intraorganellar space, permitting an
effective acidification process (24,26,27). This finding is
incompatible with the assumed role for ClC-5 providing a
shunt conductance in the membrane of intracellular or-
ganelles or in the plasma membrane to compensate for the
electrogenic activity of H+-ATPase (19). Therefore, the
function and characteristics of chloride currents in modu-
lating the function of H+-ATPase need to be further inves-
tigated.
Another channel proposed to have a role in the regula-
tion of V-ATPase is CFTR. This channel is expressed in
renal endosomes, membranes of proximal and distal tu-
bules, and intercalated cells of collecting ducts, especially
in type-β cells (40). Barasch and colleagues (41) have
demonstrated a defective acidification of intracellular or-
ganelles in cystic fibrosis, indicating a possible role for
CFTR in organelle acidification dependent on V-type H+-
ATPase. The positive modulation of CFTR channels by
cAMP is well known (3). Recently, Tararthuch et al. (35)
demonstrated that cAMP stimulates the extrusion of H+ in
MDCK-C11 cells in the presence of Na+-free solution. This
finding suggests a participation of chloride currents through
CFTR channels stimulated by cAMP, increasing the activ-
ity of H+-ATPase. In contrast, no changes in the acidifica-
tion rates of several intracellular organelles were demon-
strable after activation of chloride currents stimulated by
cAMP (42). Thus, the role of CFTR in the activity of H+-
ATPase is controversial.
Liver
By means of the measurement of the uptake of radio-
active chloride into vesicles, Glickman et al. (14) detected
a chloride conductance in parallel to an electrogenic H+-
pump in isolated rat liver Golgi membranes, arguing in
favor of the involvement of an electrochemical gradient.
In rat liver multivesicular bodies (an endosome inter-
mediate between coated vesicles and lysosomes), chlo-
ride was found to increase the initial rate of vesicle acidifi-
cation and to affect the relative chemical and electrical
contributions of the steady-state pump proton-motive force
(43).
Using highly enriched fractions of rat liver endosomes,
Fuchs et al. (44) have found that ATP-dependent acidifica-
tion is electrogenic and the membrane potential estab-
lished by the pump can be dissipated by the influx of
permeant external anions or by the efflux of internal alkali
cations. Although the external replacement of permeable
anions with less permeable anions (replacing Cl- with
gluconate) diminished acidification, ATP-dependent H+
transport was not found to be coupled to any specific anion
or cation.
In clathrin-coated vesicles from rat liver, proton trans-
port showed no specific cation requirement, but was de-
pendent on a permeant anion, with the following hierarchy
of importance: Cl- = Br- > NO3- > SO42- > HPO42- =
gluconate (45). Although the authors of the present study
did not exclude the possibility of an electroneutral ex-
change or a symport mechanism, it is more likely that an
electrogenic H+ transport mechanism that does not de-
pend directly on chloride but rather depends on the pres-
ence of a permeant anion is involved in this modulation
(45). In addition, lysosomal H+-ATPase purified from rat
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liver is activated by chloride, suggesting the presence (in
the ATPase) of one or more binding sites for activating
anions (46).
Although some investigators have demonstrated a role
for chloride channels in the acidification of intracellular
organelles in hepatocytes, the molecular identity of these
channels remains poorly understood. Some studies re-
vealed that ClC-3 protein localized abundantly in the ve-
sicular membranes and as an intracellular Cl- channel in
these vesicles, cooperating with V-ATPase to achieve H+
and Cl- flux (47). Hara-Chikuma et al. (48) reported that
endosomal acidification and Cl- accumulation were signifi-
cantly reduced in hepatocytes from ClC-3-deficient versus
wild-type mice. These investigators found a functional
ClC-3 Cl- conductance in endosomes of cell homogenates
from wild-type versus ClC-3-deficient hepatocytes con-
taining fluorescently labeled endosomes. The data of this
study suggest that ClC-3 Cl- conductance provides a quan-
titatively significant electrical shunt pathway to permit en-
dosomal acidification by the vacuolar H+ pump.
Central nervous system
In rat brain synaptic vesicles, Glebov et al. (49) found,
through measures of acidification with the permeant weak
base-acridine orange, that the ATP-dependent generation
of delta pH was completely dependent on the presence of
a permeant anion, and was maximal at 150 mM Cl-. The
authors suggested the presence of a chloride channel
whose conductance can regulate the H+ transport by switch-
ing it from an electrogenic to an electroneutral (coupled
entry of H+ and Cl-) mode of operation (49). Furthermore,
the transmembrane potential of the same synaptic vesicles,
measured by means of the potential-sensitive fluorescent
probe 3,3' dipropylthiocarbocyanine iodide, demonstrated
that H+-ATPase is electrogenic and the level of the trans-
membrane potential depends on the presence of anion
(Cl-) in the incubation medium (50).
In bovine brain clathrin-coated vesicles, acidification of
the vesicle interior showed considerable anion selectivity
(Cl- greater than Br- much greater than NO3- much greater
than gluconate, SO2- (4), similar to HPO2- (4) and manni-
tol), but was relatively insensitive to cation replacement as
long as Cl- was present (51). On the other hand, purified
H+-ATPase from otherwise intact clathrin-coated vesicles
in both detergent-solubilized and reconstituted states were
shown to be independent of Cl-. Furthermore, H+ transport
does not occur even at high Cl- concentrations unless K+
and valinomycin are present to dissipate the membrane
potential, indicating that the Cl- channel that provides Cl-
flux in intact coated vesicles is not a component of the
purified H+-ATPase (52).
Since the molecular identity of the chloride channels
involved in acidification by H+-ATPase in the brain remains
to be well elucidated, a number of studies have provided
evidence that ClC-3 plays a critical role in acidifying synap-
tic vesicles (53). Disruption of ClC-3 (by generation of ClC-
3-deficient mice) present in endosomal compartments of
synaptic vesicles has been shown to lead to a loss of
hippocampus function (characterized by postnatal growth
retardation, blindness secondary to retinal degradation
and behavioral abnormalities). ClC-3 deficiency in mice
led to elevated intraendosomal pH, which influenced the
cellular protein degradation cascade, causing phenotypes
similar to human neuronal ceroid lipofuscinosis (a neuro-
degenerative disorder characterized by excessive accu-
mulation of lipopigments) (53). Similarly to ClC-3, disrup-
tion of mouse ClC-6 and ClC-7 leads to neurodegenera-
tion, with neurons displaying intracellular electron-dense
deposits characteristic of lysosomal marker proteins (27).
Since ClC-6 and ClC-7 have a subcellular localization, it is
possible that lysosomal storage observed in the respective
KO mice is a consequence of defective late endosomal or
lysosomal function.
A recent study has identified ClC-4, another chloride
channel in excitable tissues such as the nervous system
and skeletal muscle, that may reside mainly in their sarco/
endoplasmic membranes (54). An influx of chloride anions
through these channels and an efflux of protons from the
sarcoplasmic/endoplasmic reticulum (SR/ER) might con-
tribute to dissipate the electrical gradient generated by the
SERCA (Ca2+-Mg2+-ATPases that sequester Ca2+ into the
SR/ER).
Bone
In order to solubilize bone mineral and degrade the
organic matrix of bone, osteoclasts must secrete 1-2 pro-
tons for every Ca2+ liberated. This transport is a major
metabolic activity of osteoclasts requiring an electrogenic
H+-ATPase, a conductive chloride channel, a chloride-
bicarbonate exchanger, carbonic anhydrase, and func-
tional/morphological polarization of the cell (55). In proton-
transporting membrane vesicles from avian osteoclast
ruffled membrane (a special membrane facing the bone) it
was found that the acidification driven by H+-ATPase has
an absolute requirement for conductive anion transport
with a nonlinear dependence on external chloride. The
passive conductive Cl- transport was found to be due to an
apparently unique Cl- channel, a mechanism participating
in net vectorial HCl secretion by osteoclasts, for bone
reabsorption (56). Purification of this protein and reconsti-
tution into phospholipid membranes retained the transport
of Cl-.
161
Braz J Med Biol Res 42(2) 2009
 V-ATPase regulation by chloride ions
www.bjournal.com.br
In 1997, Schlesinger and colleagues (57) isolated a 62-
kDa Cl- channel from avian osteoclast ruffled border whose
human homologue is the intracellular chloride channel 5
(CLIC5), one of a group of chloride channels expressed
intracellularly and believed to act in acid secretion, but not
correlated with human disease (57-59). In planar bilayers,
the ruffled border channel was found to be a stilbene
sulfonate-inhibitable, outwardly rectifying chloride chan-
nel. Since outward rectification of a chloride channel means
that the single channel conductance is greater for chloride
entering than exiting the cell and the proposed function of
this channel is to allow chloride to exit the cell in parallel
with protons, outward rectification may seem contradic-
tory. The explanation for this could be that, when Cl- is
exiting from the cell, the transport of H+ and Cl- is electri-
cally coupled, and the chloride current across the ruffled
border represents HCl transport. When the chloride con-
ductance is limiting, proton pump activity hyperpolarizes
the ruffled border membrane, increasing the internal nega-
tive potential in proportion to the pump activity. If the ruffled
border chloride channel were not rectifying, the proton
pump-driven hyperpolarization would increase the chlo-
ride current and HCl transport. However, since the chloride
channel is outwardly rectifying, changes in the membrane
potential have a small effect on the chloride current and
acid transport. So, during bone reabsorption, when the
electrogenic proton pump hyperpolarizes the ruffled bor-
der membrane, the number of active chloride channels in
that membrane will directly determine and limit HCl trans-
port (57).
While CLIC5 is not related to human disease, trans-
genic mice deficient in a chloride channel analogue, ClC-7,
have osteopetrosis (a rare inherited disorder whereby the
bones harden, becoming denser) (27). This shows that
ClC-7 provides the chloride conductance required for an
efficient proton pumping by the H+-ATPase of the osteo-
clast ruffled membrane. ClC-7 is a mostly intracellular
chloride channel from late endosomes and lysosomes.
Due to this localization, no direct electrophysiological data
on ClC-7 channel function are available, but sequence
alignments imply that the channel functions as an H+/Cl--
antiporter similar to ClC-4 and ClC-5 (26).
Since CLIC5 as well as ClC-7 have been immunolocal-
ized to the ruffled border, and since both are members of
families of known chloride channels and suppression of
their expression leads to decreased bone resorption, it is
possible that the regulation of acidification and bone re-
sorption are complex processes with multiple sites where
chloride transport can exert an influence. CLIC5 and ClC-
7 could be cooperating components of anion transport
activity in the ruffled border membrane that supports bone
resorption (59). In addition, more recently, Okamoto et al.
(60) showed expression of ClC-3 channels in mouse os-
teoclasts, present on intracellular organelles, where ClC-3
deficiency leads to decreased organelle acidification and
consequent reduced bone reabsorption activity.
Concluding remarks
The present review shows that Cl- ions have an impor-
tant function in the activity of vacuolar and membrane H+-
ATPase. Colocalization of Cl- channels and this ATPase
has been demonstrated in several tissues. The original
idea concerning this cooperative effect suggested that Cl-
ions were needed to provide a shunt current via Cl- chan-
nels of negative ions that neutralized H+ ion flux into
subcellular organelles, a positive voltage being able to
block or limit H+ flux into these organelles. More recently, it
was shown that several of the membrane molecules that
were considered to be Cl- channels in reality were Cl-/H+
exchangers with 1:1 or 2:1 coupling, whose end effect
would be similar to the function of the channels. Channels
such as CFTR, ClC-1 and ClC-2 were confirmed to be
channels, while ClC-4 and ClC-5 are now considered to be
Cl-/H+ exchangers. The lack of these channels (by lack in
specific diseases or in knock-out models) may cause de-
fects in acidification in H+-ATPase-containing structures
and produce now well-defined diseases, such as, for in-
stance, Dent’s disease, which is characterized by renal
tubular acidosis, increase in Ca2+ excretion and kidney
stone formation. This disease is related to a defect in the
expression of ClC-5 channels or exchangers. Other dis-
eases related to defects in Cl- channels have been de-
scribed, including forms of neurodegeneration and osteo-
petrosis. The description of these diseases as well as the
cloning and characterization of Cl- transporters have now
firmly established the importance of these transporters for
the function of vacuolar and membrane H+-ATPses in a
large number of cells and tissues.
Acknowledgments
The authors thank Dr. Joaquim Procopio for helpful
support with the design of the figures.
162
Braz J Med Biol Res 42(2) 2009
L.R. Carraro-Lacroix et al.
www.bjournal.com.br
References
1. Gluck SL, Underhill DM, Iyori M, Holliday LS, Kostrominova
TY, Lee BS. Physiology and biochemistry of the kidney
vacuolar H+-ATPase. Annu Rev Physiol 1996; 58: 427-445.
2. Malnic G. Cell biology of H+ transport in epithelia. ARBS
Ann Rev Biomed Sci 2000; 2: 5-37.
3. Wagner CA, Finberg KE, Breton S, Marshansky V, Brown
D, Geibel JP. Renal vacuolar H+-ATPase. Physiol Rev 2004;
84: 1263-1314.
4. Forgac M. Vacuolar ATPases: rotary proton pumps in phys-
iology and pathophysiology. Nat Rev Mol Cell Biol 2007; 8:
917-929.
5. Kane PM. The where, when, and how of organelle acidifica-
tion by the yeast vacuolar H+-ATPase. Microbiol Mol Biol
Rev 2006; 70: 177-191.
6. Li SC, Kane PM. The yeast lysosome-like vacuole: End-
point and crossroads. Biochim Biophys Acta 2008; (ahead
of print; accessed February 16, 2009).
7. Toyomura T, Murata Y, Yamamoto A, Oka T, Sun-Wada
GH, Wada Y, et al. From lysosomes to the plasma mem-
brane: localization of vacuolar-type H+-ATPase with the a3
isoform during osteoclast differentiation. J Biol Chem 2003;
278: 22023-22030.
8. Fernandez R, Lopes MJ, de Lira RF, Dantas WF, Cragoe
Junior EJ, Malnic G. Mechanism of acidification along corti-
cal distal tubule of the rat. Am J Physiol 1994; 266: F218-
F226.
9. Fernandez R, Oliveira-Souza M, Malnic G. Na+-independ-
ent proton secretion in MDCK-C11 cells. Pflugers Arch 2000;
441: 287-293.
10. Malnic G, Geibel JP. Cell pH and H(+) secretion by S3
segment of mammalian kidney: role of H(+)-ATPase and
Cl(-). J Membr Biol 2000; 178: 115-125.
11. Ulate G, Fernandez R, Malnic G. Effect of bafilomycin on
proximal bicarbonate absorption in the rat. Braz J Med Biol
Res 1993; 26: 773-777.
12. Ohkuma S, Moriyama Y, Takano T. Identification and char-
acterization of a proton pump on lysosomes by fluorescein-
isothiocyanate-dextran fluorescence. Proc Natl Acad Sci U
S A 1982; 79: 2758-2762.
13. Gunther W, Luchow A, Cluzeaud F, Vandewalle A, Jentsch
TJ. ClC-5, the chloride channel mutated in Dent’s disease,
colocalizes with the proton pump in endocytotically active
kidney cells. Proc Natl Acad Sci U S A 1998; 95: 8075-8080.
14. Glickman J, Croen K, Kelly S, Al-Awqati Q. Golgi mem-
branes contain an electrogenic H+ pump in parallel to a
chloride conductance. J Cell Biol 1983; 97: 1303-1308.
15. Demaurex N, Furuya W, D’Souza S, Bonifacino JS,
Grinstein S. Mechanism of acidification of the trans-Golgi
network (TGN). In situ measurements of pH using retrieval
of TGN38 and furin from the cell surface. J Biol Chem 1998;
273: 2044-2051.
16. Hilden SA, Johns CA, Madias NE. Cl(-)-dependent ATP-
driven H+ transport in rabbit renal cortical endosomes. Am J
Physiol 1988; 255: F885-F897.
17. Kaunitz JD, Gunther RD, Sachs G. Characterization of an
electrogenic ATP and chloride-dependent proton translo-
cating pump from rat renal medulla. J Biol Chem 1985; 260:
11567-11573.
18. Flis K, Bednarczyk P, Hordejuk R, Szewczyk A, Berest V,
Dolowy K, et al. The Gef1 protein of Saccharomyces cerevi-
siae is associated with chloride channel activity. Biochem
Biophys Res Commun 2002; 294: 1144-1150.
19. Jentsch TJ, Poet M, Fuhrmann JC, Zdebik AA. Physiologi-
cal functions of CLC Cl- channels gleaned from human
genetic disease and mouse models. Annu Rev Physiol
2005; 67: 779-807.
20. Jentsch TJ, Stein V, Weinreich F, Zdebik AA. Molecular
structure and physiological function of chloride channels.
Physiol Rev 2002; 82: 503-568.
21. Quinton PM. Physiological basis of cystic fibrosis: a histori-
cal perspective. Physiol Rev 1999; 79: S3-S22.
22. Hirose S, Kaneko T, Naito N, Takei Y. Molecular biology of
major components of chloride cells. Comp Biochem Physiol
B Biochem Mol Biol 2003; 136: 593-620.
23. Accardi A, Miller C. Secondary active transport mediated by
a prokaryotic homologue of ClC Cl- channels. Nature 2004;
427: 803-807.
24. Picollo A, Pusch M. Chloride/proton antiporter activity of
mammalian CLC proteins ClC-4 and ClC-5. Nature 2005;
436: 420-423.
25. Graves AR, Curran PK, Smith CL, Mindell JA. The Cl-/H+
antiporter ClC-7 is the primary chloride permeation pathway
in lysosomes. Nature 2008; 453: 788-792.
26. Scheel O, Zdebik AA, Lourdel S, Jentsch TJ. Voltage-de-
pendent electrogenic chloride/proton exchange by endoso-
mal CLC proteins. Nature 2005; 436: 424-427.
27. Jentsch TJ. Chloride and the endosomal-lysosomal path-
way: emerging roles of CLC chloride transporters. J Physiol
2007; 578: 633-640.
28. Miller C. ClC chloride channels viewed through a trans-
porter lens. Nature 2006; 440: 484-489.
29. Bae HR, Verkman AS. Protein kinase A regulates chloride
conductance in endocytic vesicles from proximal tubule.
Nature 1990; 348: 637-639.
30. Fernandez R, Bosqueiro JR, Cassola AC, Malnic G. Role of
Cl- in electrogenic H+ secretion by cortical distal tubule. J
Membr Biol 1997; 157: 193-201.
31. Malnic G, Fernandez R, Cassola AC, Barreto-Chaves ML,
de Souza MO, Aires MM. Mechanisms and regulation of H+
transport in distal tubule epithelial cells. Wien Klin
Wochenschr 1997; 109: 429-434.
32. Fernandez R, Malnic G. H+ ATPase and Cl- interaction in
regulation of MDCK cell pH. J Membr Biol 1998; 163: 137-
145.
33. Zimolo Z, Montrose MH, Murer H. H+ extrusion by an apical
vacuolar-type H(+)-ATPase in rat renal proximal tubules. J
Membr Biol 1992; 126: 19-26.
34. Wagner CA, Giebisch G, Lang F, Geibel JP. Angiotensin II
stimulates vesicular H+-ATPase in rat proximal tubular cells.
Proc Natl Acad Sci U S A 1998; 95: 9665-9668.
35. Tararthuch AL, Fernandez R, Malnic G. Cl- and regulation of
pH by MDCK-C11 cells. Braz J Med Biol Res 2007; 40: 687-
696.
36. Christensen EI, Devuyst O, Dom G, Nielsen R, Van der
Smissen P, Verroust P, et al. Loss of chloride channel ClC-
5 impairs endocytosis by defective trafficking of megalin
163
Braz J Med Biol Res 42(2) 2009
 V-ATPase regulation by chloride ions
www.bjournal.com.br
and cubilin in kidney proximal tubules. Proc Natl Acad Sci U
S A 2003; 100: 8472-8477.
37. Moulin P, Igarashi T, Van der Smissen P, Cosyns JP, Ver-
roust P, Thakker RV, et al. Altered polarity and expression of
H+-ATPase without ultrastructural changes in kidneys of
Dent’s disease patients. Kidney Int 2003; 63: 1285-1295.
38. Han JS, Kim GH, Kim J, Jeon US, Joo KW, Na KY, et al.
Secretory-defect distal renal tubular acidosis is associated
with transporter defect in H(+)-ATPase and anion ex-
changer-1. J Am Soc Nephrol 2002; 13: 1425-1432.
39. Jentsch TJ. Chloride transport in the kidney: lessons from
human disease and knockout mice. J Am Soc Nephrol 2005;
16: 1549-1561.
40. Morales MM, Carroll TP, Morita T, Schwiebert EM, Devuyst
O, Wilson PD, et al. Both the wild type and a functional
isoform of CFTR are expressed in kidney. Am J Physiol
1996; 270: F1038-F1048.
41. Barasch J, Kiss B, Prince A, Saiman L, Gruenert D, Al-
Awqati Q. Defective acidification of intracellular organelles
in cystic fibrosis. Nature 1991; 352: 70-73.
42. Biwersi J, Emans N, Verkman AS. Cystic fibrosis transmem-
brane conductance regulator activation stimulates endo-
some fusion in vivo. Proc Natl Acad Sci U S A 1996; 93:
12484-12489.
43. Van Dyke RW. Proton pump-generated electrochemical gra-
dients in rat liver multivesicular bodies. Quantitation and
effects of chloride. J Biol Chem 1988; 263: 2603-2611.
44. Fuchs R, Male P, Mellman I. Acidification and ion permea-
bilities of highly purified rat liver endosomes. J Biol Chem
1989; 264: 2212-2220.
45. Van Dyke RW, Steer CJ, Scharschmidt BF. Clathrin-coated
vesicles from rat liver: enzymatic profile and characteriza-
tion of ATP-dependent proton transport. Proc Natl Acad Sci
U S A 1984; 81: 3108-3112.
46. Arai K, Shimaya A, Hiratani N, Ohkuma S. Purification and
characterization of lysosomal H(+)-ATPase. An anion-sen-
sitive v-type H(+)-ATPase from rat liver lysosomes. J Biol
Chem 1993; 268: 5649-5660.
47. Li X, Wang T, Zhao Z, Weinman SA. The ClC-3 chloride
channel promotes acidification of lysosomes in CHO-K1 and
Huh-7 cells. Am J Physiol Cell Physiol 2002; 282: C1483-
C1491.
48. Hara-Chikuma M, Yang B, Sonawane ND, Sasaki S, Uchida
S, Verkman AS. ClC-3 chloride channels facilitate endoso-
mal acidification and chloride accumulation. J Biol Chem
2005; 280: 1241-1247.
49. Glebov RN, Mel’nik VI, Titov SI. Anion regulation of active
transport of protons across the membrane of the synaptic
vesicles of the brain. Biokhimiia 1987; 52: 1818-1828.
50. Antonikov IM, Glebov RN. Electrogenic character of the
functioning of H+-ATPase of synaptic vesicles in the rat
brain. Biull Eksp Biol Med 1988; 106: 26-29.
51. Van Dyke RW, Scharschmidt BF, Steer CJ. ATP-dependent
proton transport by isolated brain clathrin-coated vesicles.
Role of clathrin and other determinants of acidification.
Biochim Biophys Acta 1985; 812: 423-436.
52. Arai H, Pink S, Forgac M. Interaction of anions and ATP with
the coated vesicle proton pump. Biochemistry 1989; 28:
3075-3082.
53. Yoshikawa M, Uchida S, Ezaki J, Rai T, Hayama A, Koba-
yashi K, et al. CLC-3 deficiency leads to phenotypes similar
to human neuronal ceroid lipofuscinosis. Genes Cells 2002;
7: 597-605.
54. Okkenhaug H, Weylandt KH, Carmena D, Wells DJ, Higgins
CF, Sardini A. The human ClC-4 protein, a member of the
CLC chloride channel/transporter family, is localized to the
endoplasmic reticulum by its N-terminus. FASEB J 2006;
20: 2390-2392.
55. Schlesinger PH, Mattsson JP, Blair HC. Osteoclastic acid
transport: mechanism and implications for physiological and
pharmacological regulation. Miner Electrolyte Metab 1994;
20: 31-39.
56. Blair HC, Teitelbaum SL, Tan HL, Koziol CM, Schlesinger
PH. Passive chloride permeability charge coupled to H(+)-
ATPase of avian osteoclast ruffled membrane. Am J Physiol
1991; 260: C1315-C1324.
57. Schlesinger PH, Blair HC, Teitelbaum SL, Edwards JC.
Characterization of the osteoclast ruffled border chloride
channel and its role in bone resorption. J Biol Chem 1997;
272: 18636-18643.
58. Blair HC, Zaidi M. Osteoclastic differentiation and function
regulated by old and new pathways. Rev Endocr Metab
Disord 2006; 7: 23-32.
59. Edwards JC, Cohen C, Xu W, Schlesinger PH. c-Src control
of chloride channel support for osteoclast HCl transport and
bone resorption. J Biol Chem 2006; 281: 28011-28022.
60. Okamoto F, Kajiya H, Toh K, Uchida S, Yoshikawa M,
Sasaki S, et al. Intracellular ClC-3 chloride channels pro-
mote bone resorption in vitro through organelle acidification
in mouse osteoclasts. Am J Physiol Cell Physiol 2008; 294:
C693-C701.
